To determine the role of cathepsin L in Echinoderms, starfish (Asterina pectinifera) cathepsin L (ApCtL) was cloned. The results of RT-PCR analysis indicated that the expression of ApCtL in all of the tissues. The promature enzyme of ApCtL, proApCtL, was expressed in Escherichia coli, and cathepsin activity was detected by cleaving of synthetic fluorogenic peptide substrates and gelatin zymography.
Cysteine proteases, including the papain super family, which are called lysosomal cathepsins, are involved in intracellular protein degradation, and are a group of proteolytic enzymes, that catalyze the hydrolysis of many different proteins. These cysteine proteases are ubiquitously present in both prokaryotes and eukaryotes, including viruses, bacteria, plants, invertebrates, and vertebrates. [2] [3] [4] Cathepsin L is a cysteine protease, an important type of protease in the initiation of protein degradation.
1) It possess the ability to degrade extracellular matrix proteins, including fibronectin, myosin, actin, elastin, cytosolic protein, and collagen. 5, 6) It performs many other biological functions related to tissue degeneration, bone resorbtion, parasitic infection, virus glycoprotein (GP)-mediated infection, and immune system disease. 4, [7] [8] [9] According to sequence analysis, it has cysteine, histidine, and asparagine as catalytic triad residues, and contains the ERF/WNIN motif in the propeptide region, a characteristic property of the cathepsin L family.
There are several reports on cathepsin L from various marine organisms, including the mud loach (Misgurnus mizolepis), 10) pearl oyster (Pinctada fucata), 11) Norway lobster (Nephrops norvegicus), 12) mitten crab (Eriocheir sinensism), 8) sea cucumber (Stichopus japonicas), 13) and sea urchin (Tetrapygus niger), 14) but, starfish cathepsin L has not been completely characterized with regard to its enzymatic properties and physiological functions. Some starfish species, such as the northern Pacific seastar (Asterias amurensis) and Asterina pectinifera, are known to have invaded aquaculture farms. They cause serious damage to commercial shellfish mariculture operations and fisheries: scallop, oyster, and mussel. 15) Hence, it is important to find a way to reduce and control starfish densities, e.g., starfish traps, fences, and biological and genetic control. To date, expression analysis of intestine and body wall regeneration in the sea cucumber (Apostichopus japonicas) has revealed downregulation of cathepsins during regeneration. 16) Regeneration in Echinoderms (phylum Echinodermata) has been studied mostly with respect to the starfish (Asterioidea), sea cucumber (Holothuroidea), and sea urchin (Echinoidea), 17, 18) but no specific roles or biochemical characterization of the cathepsins in these processes have been proposed. Here, we describe the cDNA cloning, expression analysis, and enzymatic characterization of the recombinant cathepsin L protein of starfish.
Starfish (Asterina pectinifera) were collected in coastal areas of Gijang-gun, Busan, Korea and kept in laboratory aquaria with circulating artificial seawater at 15 C, as described previously. 19, 20) They were used within 1 week of collection, without food. Total RNA was extracted from various tissues (muscle, gonad, tubefeet, liver, stomach, and body-rind) of three animals (average width, 10.65-11.05 cm) with oligo (dT) 18 and random hexamer primers using the Transcriptor First Strand cDNA Synthesis Kit (Roche Applied Science, Indianapolis, IN), in following the manufacturer's instructions. In order to identify the cathepsin L of the starfish, degenerate oligonucleotides, (CtL-F, CABT-GGVANCWVTGGAAGAA; CtL-R, CCRCAGTGR-TTGTKYCKGTCYTTKG CCATGT) were designed to target and amplify the regions around the highly conserved region of cathepsin L from a starfish cDNA. The 5 0 -end of the cathepsin L was obtained by 5 0 RACE-PCR using specific primer ApCtL-GSP-R1 (TGCGG-CCCTGAGTAGACA GGATGTAC) with Universal Primer Mix (UP-Long, CTAATACGACTCACTAT-AGGGCAAGCAGTGGTATCAA CGCAGAGT; UPShort, CTAATACGACTCACTATAGGGC) for the first round-PCR, and a second specific primer, ApCtL-GSP-R2 with Nested Universal Primer (NUP, AAG-CAGTGGTATCAACGCAGAGT) for the second nested PCR. The two primer sets used for 3 0 RACE-PCR were ApCtL-3 0 F2 (TTCCAGTACGTCCACG ACAACATG) with UPM and ApCtL-3 0 F3 (ATGGACGAAAAGG-CACTCCA) with NUP to obtain the 3 0 -end region. The full-length cDNA yielded a 1,692-bp sequence that included initiation codon ATG, an in-frame stop codon (TAA), and a poly (A) tail. The cDNA also comprised a 73-bp 5 0 -untranslated region (5 0 -UTR) and a 984-bp coding region, followed by a 635-bp 3 0 -UTR containing one potential poly-adenylation signal, AATAAA (Fig. 1 underlined) . The nucleotide sequence of ApCtL was predicted to encode a pre-protein of 328 amino acids that contained a 15-residue putative signal peptide analyzed with the SignalP 4.0 Server (www.cbs.dtu.dk/services/SignalP), 21) and a 94-residue propeptide and the 218-residue mature enzyme. The sequence of ApCtL was deposited in GenBank under accession no. JQ991013. Figure 1 shows an alignment of ApCtL with the predicted amino acid sequences of the other cathepsins using BioEdit Sequence Alignment Editor. 22) The pro-peptide of mammalian cathepsins has been found to be crucial to proper enzyme folding and stabilization of its structure upon exposure to pH changes, as well as to microsomal and lysosomal targeting. 1) Apart from the ERF/WNIN motif (ERW-NIN; ApCtL) in the pro-peptide, ApCtL also contains the GNFD motif, which is conserved in most of the cysteine proteases of the papain super family.
23) The presence of the ERWNIN/GNFD motif in the pro-region of ApCtL clearly indicates that this protein is related to the cathepsin L group, and is distant from the cathepsin B subfamily. Many members of the papain family harbor a proline (P) residue at position 2 in the mature enzyme, and it also contains in ApCtL. The proline might serve to prevent unwanted N-terminal proteolysis. 24) All cysteine proteases harbor a conserved active site consisting of cysteine, histidine, and asparagine residues. As observed in the present study, the cysteine residue (Cys25 based on mature ApCtL numbering) was embedded within a highly conserved peptide sequence, CGSCWAF. The histidine residue (His166, ApCtL numbering) was adjacent to small amino acid residues, such as glycine or alanine, and asparagine (Asn186, ApCtL numbering) is a component of the Asn-Ser-Trp (NSW) motif. Although tryptic peptides containing the Asn-221 of human cathepsin L, which is known to exist as a glycoprotein, were not detected in ApCtL, two potential N-glycosylation sites were predicted, including N148 and N321 in ApCtL using the NetNGlyc 1.0 Server (http://www.cbs.dtu.dk/services/NetNGlyc/).
A comparison of the amino acid sequence of ApCtL with various species of cathepsin L in the GeneBank and SWISS-PROT databases showed 46-54% identity and 44-51% identity with the Homo sapiens cathepsin L group (L, V, S, and K), but ApCtL did not exhibit high identity with human cathepsin B-like cysteine proteases (B, C, and X, 16-18%), cathepsin A (5%), or cathepsin D (8%). Hence, cathepsin L is a valuable marker for both inter-and intra-species phylogenetic analyses.
In order to determine the tissue expression of ApCtL mRNA, RT-PCR and quantitative real-time PCR were conducted using muscle, gonad, tubefeet, liver, stomach, and body-rind from healthy A. pectinifera specimens. The specific primers for starfish cathepsin L were ApCtL-RT-For (AGCACAACCAGCGATTCG) and ApCtL-RT-Rev (TCTTGACACCAGTGACCCATC). Starfish -Actin (Ap-bactin-F, GGTCATCACCATC-GGCAACG and Ap-bactin-R, ACGGATCTCCACGT-CGCACT) was utilized as internal control. As shown in Fig. 2 , expression of ApCtL was observed in all tissues tested. A high expression level of ApCtL was observed in the liver and stomach, which indicates that starfish cathepsin L participates in immune responses, the digestive process, and organ regeneration in Echnoderms. A Similar expression pattern has been reported in previous studies, including reports on cathepsin L in the mitten crab, Eriocheir sinensis, 8) and the pearl oyster, Pinctada fucata.
11) Cathepsin transcripts in these species were detected in all tissues examined, especially in the hepatopancreas, which suggests the hepatopancreas' participation in the immune response or food digestion. In addition, high levels of expression and purification of cathepsin L in and from the liver tissue of a number of vertebrates such as humans and fish have been reported. 25, 26) In the early stages of regeneration of the intestine and body wall from the sea cucumber (Apostichopus japonicas), cathepsin C and cathepsin L were found to be significantly downregulated. 16) In order to assess the functional and enzymatic characteristics of the ApCtL protein, the cDNA encoding for proApCtL was expressed in E. coli as a glutathione S-transferase (GST) fusion protein. To prepare an expression vector suitable for the production of recombinant starfish cathepsin L in E. coli, a 939-bp DNA fragment containing the coding sequence for A. pectinifera procathepsin L (proApCtL) was generated by PCR amplification. The primers (EcoRI-proApCtL-F, CCGGAATTCGCCAGCCCTGACCTGGACCAAGAA; XhoI-proApCtL-R, GCCGCTCGAGTTAGACGAGC-GGGTAGCTGGCGTT) harbored EcoRI/XhoI restriction sites (underlined), allowing for the cloning of the amplified DNA in a predicted orientation into pGEX-4T-1 (Amersham Pharmacia Biotech, Uppsala, Sweden). A recombinant plasmid, proApCtL/pGEX, was transformed into E. coli strain DH5. Transformed cells were grown in LB broth (100 mL) containing 100 mg/mL ampicillin at 37
C for approximately 16 h, diluted 1/ 100 with the same medium, and grown to an A 600 of 0.6. Next, isopropyl--D-thiogalactopyranoside (IPTG) was added to a final concentration of 0.4 mM, and incubated for 3. Cells were collected by centrifugation, washed, and resuspended in 0.2 volumes of phosphate buffered saline (PBS), lysed with a sonicator (Vibra cell, Sonics and Materials, Newtown, CT) at a setting of 40%, and centrifuged at 20;000 Â g for 20 min at 4 C. The soluble supernatant was subjected to glutathione-Sepharose 4B column (Amersham Pharmacia Biotech, Piscataway, NJ) that had been equilibrated with PBS. After washing of the column with equilibration buffer, the protein was eluted in elution buffer with 50 mM Tris/pH 8.0 and 10 mM reduced glutathione (Sigma-Aldrich, St. Louis, MO). Fractions containing sufficient amounts of active enzymes were pooled, dialyzed, and concentrated using centricon 10 concentrators (Amicon, Beverly, MA). Purified proApCtL protein, obtained as a 61-kDa fusion protein, was used for SDS-PAGE, Western blotting, and enzyme activity assay (Fig. 3A and B) . Purified proApCtL activity was quantified by measuring the cleavage of a synthetic fluorogenic peptide substrate, Z-Phe-Arg-7-amido-4-methylcoumarin hydrochloride (Z-FR-AMC; Sigma-Aldrich, St. Louis, MO), which has been found to be efficiently hydrolyzed by cathepsin L. As seen in Fig. 3 , the proApCtL protein demonstrated a high level of activity at pH 8. The controversial optimal pH values of cathepsin L purified from different species have been reported to be between 5.0 and 6.5, as in sea cucumber (Stichopus japonicas), 13) chum salmon (Oncorhynchus keta), 27) and carp (Cyprinus carpio).
28)
A majority of mature cathepsins are unstable and weakly active at neutral pH, but the propeptide of human cathepsin L is stable at high pH, because it protects the protein from the denaturing effects of the alkali. 29) Hence, our results indicate that Echinoderm procathepsin L activity is optimal at seawater pH, with range 7.5 to 8.4, and also suggest that the propeptide of starfish cathepsin L is probably important for the stability of the propeptide-protease complex, like other mammalian procathepsin Ls. In the present study, the proteolytic activity of recombinant proApCtL (61 kDa) was determined by gelatin zymography (Fig. 3C) , and the presence of bands at unexpectedly high/low molecular weights can be interpreted as recombinant protein, glycosylation, and autolysis. However, proApCtL was inefficient in hydrolyzing protein substrates, including azocasein, fibrinogen, and BSA (data not shown). The proApCtL enzyme was stable between 20 and 50 C, but activity dropped rapidly above 60 C (Fig. 3E) . We compared the substrate specificities of proApCtL activity using Z-Gly-Pro-Arg-AMC (GPR), Z-Gly-Gly with 0.1 M Tris/pH 8.0, containing 1 mM DTT, respectively. The highest levels of AMC release activity were seen from Z-FR-AMC, Z-GGR-AMC, Z-GPR-AMC, and Z-VVR-AMC. The Z-FR-AMC substrate was hydrolyzed 4-fold more efficiently than the Z-RR-AMC substrate. To identify the enzymatic specificities of proApCtL, the effects of enzyme inhibitors on protease activity were studied using Z-Phe-Arg-AMC as fluorogenic substrate. The following known proteinase inhibitors were tested: trans-Epoxysuccinyl-L-leucyl-amido (4-guanidino) butane (E-64), antipain, and leupeptin as cysteine protease inhibitors, N-ethylmaleimide (NEM), phenylmethylsulphonyl fluoride (PMSF), chymostatin, and aprotinin as serine protease inhibitors, ethylene diamine tetraacetic acid (EDTA), ethylene glycol-bis (-aminoethyl ether)-N,N,N 0 ,N 0 -tetraacetic acid (EGTA) and 1,10-phenanthroline as metalloproteinase inhibitors, and pepstatin A, an aspartic protease inhibitor. The enzymatic activity of proApCtL was significantly reduced or blocked by E-64, antipain, chymostatin, and leupeptin while the other serine, aspartic, and metallo-protease inhibitors had no influence on proApCtL activity. Additionally, many metal ions (at 1 mM and 5 mM) and detergents (at 0.01% and 0.05%), including ZnSO 4 , CuSO 4 , KCl, MgSO 4 , and CaCl 2 , and many surfactants (Brij 35, Triton X-100, and Tween 20) have been found to have no influence on the activity of proApCtL, but HgCl 2 (5 mM; 19:61 AE 0:99% of relative cathepsin activity compared with the control proApCtL activity), CoCl 2 (5 mM; 58:88 AE 0:11%), and SDS (0.01%; 21:28 AE 0:32%, and 0.05%; 6:53 AE 0:3%) led to significant reductions in cathepsin L activity.
Here, we report the molecular cloning, sequence analysis, tissue-specific distribution, and enzymatic characterization of a recombinant protein from starfish (A. pectinifera) cathepsin L (ApCtL). To the best of our knowledge, this is the first report on the cloning of the nucleotide sequence and heterologous expression of cathepsin L from starfish. The results for the tissuespecific expression and enzymatic activity of A. pectinifera cathepsin L indicate their importance in food digestion by hepatic caeca, which produce digestive enzymes for the stomach, and an optimum pH of ApCtL activity similar to that of seawater. Although the mechanism of the involvement of cathepsin L in organ regeneration and the immune system in starfish A. pectinifera remains to be determined, our results can serve as a guideline for future studies with respect to preparation of the enzyme in sufficient quantities for action involving starfish infestation in the marine aquaculture industry.
